A strategy is presented to enable optical-sectioning microscopy with improved contrast and imaging depth using low-power (0.5 mW) diode laser illumination. While the DAC architecture's intersecting illumination and collection beams significantly improves the spatial-filtering and opticalsectioning performance of confocal microscopy, we propose that modulating the spatial alignment of the dual-axis beams at a frequency f, such the focal volume signal of the microscope is modulated at 2f, further provides nearly an order-of-magnitude improvement in optical-sectioning contrast. Lock-in detection is used to remove the unmodulated background light, thereby enhancing our ability to image deeply within highly scattering tissues.
Introduction
To enable noninvasive real-time pathology (optical biopsy) of fresh tissues, improving the depth of optical sectioning would provide a broad clinical impact. For example, 90% of cancers originate in epithelial tissues and metastasize by invading into the underlying stroma. The ability to visualize these tissues clearly and to investigate these processes of cancer invasion would benefit from a technology capable of imaging the entire thickness of mucosal/epithelial layers, a depth of 500 microns or more.
Our lab is exploring a new low-cost strategy to enable optical-sectioning microscopy at unprecedented depths. As demonstrated through simulations and experiments, this technology leverages the inherent strengths of the dual-axis confocal (DAC) microscopy approach for rejecting out-of-focus and multiply scattered background light in tissues, [1] [2] [3] [4] . The DAC architecture is unique in that it utilizes an intersecting pair of illumination and collection beams to significantly improve the spatial-filtering and opticalsectioning performance of confocal microscopy. Here ,we propose that modulating the spatial alignment of the dual-axis beams at a frequency f, such that signals generated at the focal volume of the microscope are modulated at 2f, can further provide nearly an order-of-magnitude improvement in optical-sectioning contrast (signal-to-background ratio). The fundamental reason for this, which we have begun to demonstrate through simulations and experiments, is that the out-of-focus and multiply scattered background signal is negligibly modulated in intensity due to the micron-scale spatial modulation of the dual-axis beam alignment, whereas the ballistic signal generated at the focus of the microscope is efficiently modulated. Phase-sensitive lock-in detection may therefore be used to filter out the background light, as well as the associated shot noise, enhancing our ability to image deeply within highly scattering tissues. The MAD technique is the first to combine the proven advantages of the DAC architecture with focal-volume modulation to enable unprecedented imaging contrast and depth in tissues.
Methods
System behavior was simulated using both diffraction theory as well as Monte-Carlo tissue-scattering simulations. We assumed beam waists were identical for the illumination (λ = 658nm) and collection paths (i.e., a symmetric system with identical illumination and collections NAs) and performed a diffractiontheory analysis in MATLAB (Mathworks) assuming an experimentally measured Gaussian beam waist (ω 0 ) of 1.9 microns and a Rayleigh length (z R ) of 17.2 microns. Extending the analysis to include amplitude modulation at the focus, we used the relationship between optical throughput and alignment offset to simulate the 2f signal generated by a periodically modulated alignment offset. Specifically, the 2f power in the microscope signal, in response to a 1f sinusoidal modulation of the alignment offset, was simulated and measured for various modulation depths (Δy/ω 0 ) from 0 to 3. Scat. mirror
Hemispherical sample holder
For experimental measurements and imaging experiments, an acousto-optic deflector (AOD) is used to introduce a small-angle modulation (±0.12 mrad) of the illumination beam to generate a spatial modulation of up to ± 5 μm at the object plane in tissue (y direction according to Fig. 1 & 2a) . On the collection side, fiber-coupled signals are detected by a photomultiplier tube (H7422-40, Hamamatsu, Edison, NJ), together with a transimpedence amplifier (DHPCA-100, FEMTO, Berlin, Germany), which generates a voltage output that is fed into a spectrum analyzer operating as a lock-in amplifier (FSEA20, Rohde&Schwarz, Munich, Germany). The spectrum analyzer provides an analog logarithmic video output of the magnitude of the 2f signal, which is recorded to a PC using a digitizer (PCI-6115, National Instruments Corporation, Austin, TX). A custom frame grabber written in LabVIEW (National Instruments, Austin, TX) is synchronized with the fast-and slow-axis scanners of the microscope system and generates 2D images.
The MAD system's maximal signal-to-background ratio in the axial and lateral directions were assessed in reflectance studies using 20% Intralipid (Fresenius Kabi, Uppsala, Sweden) by moving a mirror and knifeedge target along the axial and transverse directions, respectively, and compared with DAC microscopy.
Results
Simulations and experiments demonstrate that when placing a mirror at the focus of the microscope, the optical throughput is maximized as the dimensionless alignment offset (Δ 0 ) quantity approaches zero (i.e., perfect alignment) and decreases monotonically as the alignment offset increases. Diffraction theory simulations were found to agree to within 10% of experimental values (Fig. 2b) . With alignment modulation at a frequency f, both theory and experiments show that the 2f signal from a mirror is maximized at a modulation depth between 1.5 and 1.8. A simulated 2f output at a 1f modulation depth of Δy/ ω 0 = 1.3 is shown in Fig. 2c .
An axial response to a reflective mirror in an Intralipid scattering phantom is shown in Fig. 3 for both a DAC and MAD microscope with identical optics. A 5 -6 dB improvement in SBR is in the MAD axial response compared to the DAC axial response, indicating that the MAD technique should allow for deeper optical sectioning in homogeneous tissues.
Discussion
The MAD microscopy concept was inspired by focal modulation microscopy 5 and a "spatial overlap modulation" technique for nonlinear optical processes such as 2-color 2-photon microscopy, sumfrequency generation, etc. 6 . The spatial overlap modulation technique reported by Isobe et al. 6 relies on a slight spatial modulation in the lateral direction between two coaxial beams, which generates a strong modulation in the signal generated at the focus of a nonlinear microscope but negligible modulation of the out-of-focus background signals. The dual-axis confocal (DAC) microscope provides an elegant and optimized platform for spatial modulation with low-power linear excitation because it utilizes illumination and collection beams that only overlap at a single point (focal volume) in space.
We are currently demonstrating MAD microscopy for deep optical sectioning in both tissue phantoms and fresh tissues from animal models. MAD microscopy has the potential to improve the ability of DAC microscopy to image deeply in tissues, and ultimately to visualize the entire epithelial/mucosal layer of tissues without the need for physical sectioning.
